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ABSTRACT 
 
The goal of this research is to improve the structure and dimension of the MEMS acoustic 
emission sensor. Acoustic emission sensor (AE sensor) based on the piezoelectric transducer is a 
well-developed technology in non-destructive testing that is widely used to determine permanent 
damage such as cracks and corrosions in buildings and structures. The AE sensor can be used to 
monitor cracks in structures and to check leakage in pressurized systems. The location of cracks 
in a structure or system leakage causes a high-frequency surface vibration while releasing 
ultrasonic energy. The frequency of this energy is typically between 30 kHz to 1MHz. The AE 
sensor can detect this high frequency transient acoustic wave. By using this AE sensor, the 
structure and pressurized system can be monitored to generate an evaluation report in order to 
facilitate maintenance and structure repair. 
Currently, the commercial AE sensor is bulky because it is made of a piezoelectric 
transducer. It also needs a lot of wires to connect with the pre-amplifier and signal conditioning 
systems. Because of the cost, brittleness and the volume of the commercial AE sensor, new 
affordable AE sensor technology is desired to replace the commercial AE sensor. The new AE 
sensor should be economical, small, and lightweight. The performance of the output signal should 
be comparable with the commercial AE sensor in terms of signal strength and signal to noise ratio. 
The MEMS AE sensors provide the potential solution to this problem. The MEMS AE sensors can 
overcome the problems of the commercial AE sensor. The MEMS AE sensor combines the pre-
viii 
 
amplifier on the chip in a single package. Through the MEMS technology, the AE sensor can be 
manufactured in mass quantity and high quality.  
This study focuses on simulating and measuring the performance of the MEMS acoustic 
emission sensors. Through simulation, the capacitance value is influenced by the gap between the 
suspended membrane (top perforated metal plate), metal ground, and also influenced by the 
effective area of the perforated top layer. The perforation is introduced to reduce the squeeze film 
damping effect. Through measurement verification, the MEMS AE sensors have exhibited 
comparable performance before and after inclusion of the 3D printed package that serves as the 
housing for the completed sensor assembly. The C-V measurement is the key method to extract 
the capacitance value, which is the key parameter to determine the signal strength and signal to 
noise ratio for capacitive MEMS acoustic emission sensors. The damping coefficient is also the 
key factor to receive the time domain measurement data in a fashion that resemble the bulky 
commercial piezoelectric AE transducers. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Objective 
The goal of this research is to compare the simulation and measurement from the prototype 
MEMS acoustic emission (AE) sensor. This new MEMS AE sensor has several potential 
advantages over the traditional AE sensor such as low cost, small size, low weight, mechanical 
robustness and high sensitivity. The capacitive transduction of the new MEMS AE sensor supports 
the non-destructive detection for the corrosion and crack issues without destroying the structure. 
There are two major objectives of this research. The first objective is to simulate the MEMS 
AE sensor by CoventorWare, which is a powerful and useful software to simulate the MEMS 
devices. There are different dimensions and structural designs of MEMS AE sensor that can be 
studied by finite element simulation. The main part is the gap distance between the top structure 
(beam-supported top perforated electrode) and the ground (fixed bottom electrode). The second 
simulation objective is to investigate the effect of the different top electrode designs, which have 
patterns of perforated holes with different aspect ratios. The second objective of this work is to 
measure the MEMS AE sensor including the C-V measurement and damping coefficient in 
different dimensions and structures and to compare those with the simulated part. 
 
1.2 Motivation 
Structural Healthy Monitoring (SHM) is the main tool to detect and prevent the structure 
damages. By using these SHM systems, information can be gathered that can prevent the damage 
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of the structure or the building. The MEMS AE sensor is a promising solution to provide 
continuous and real-time structure health monitoring in a non-destructive fashion.  
Acoustic emissions generated from the cracks in the solid structure and leaks from the pipes 
causing the acoustic emissions to have a relatively shorter lifetime while producing high-frequency 
elastic signals. There are prior works that have produced some MEMS AE sensors. Past 
researchers discovered gap distance, the aspect ratio of the perforated holes on the top plate (beam-
supported membrane), and packaging all influence the sensor responses. To improve the output 
signals, it is critical to decrease the signal to noise ratio (SNR) while increasing the Q factor for in 
air (ambient) operation.  
The purpose of this study is to compare the measured capacitive AE sensors with and 
without the effect of the packaging.  
 
1.3 Overview 
This thesis is divided into five chapters. Chapter 1 describes the objective and motivation 
for this work. Chapter 2 portraits the background knowledge one needs to know about the AE 
sensors. Chapter 3 showcases the simulation modeling and results for the MEMS acoustic emission 
sensors. The results will be compared to the experiment with and without packaging. Chapter 4 
depicts the details of the experimental methods and results while also comparing the simulated and 
measured results. Chapter 5 presents the conclusions along with remarks and discussion of the 
future work.  
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CHAPTER 2: BACKGROUND 
 
The acoustic emission (AE) sensor is the most outstanding and high sensitivity technology 
for non-destructive testing of AE events. The AE events are often ascribed to some structural 
defects or deterioration of solid structure like the cracks in metal or concrete and the leakage on 
the pipes. The waveforms in AE events contain some information such as the size of the cracks, 
the type of cracks, and the location of the cracks. Therefore, it is instrumental to evaluate the 
damages in the solid structures and the pipes by detecting AE events. Furthermore, AE sensor can 
prevent and control the further damage in the structures and pipes or other shaped containers. 
In 1950, the first report about AE was done by Kaiser[1]. In his report, he showed that there 
were some materials that showed acoustic emission phenomenon based on his testing results. His 
conclusion proves the vibration of AE events are from the boundary interfaces of grains and the 
frequency and amplitude are related to the stress level. In 1959, Tatro proved in his research the 
potential of AE and showed plastic deformation and crack propagation [2]. In 1964, Dunegan et 
al. extended the frequency limit in AE sensor from 100 kHz to 1 MHz, which caused the AE events 
to be a useful and practical sensor application when the AE signal is reduced by the noise signal 
level. 
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2.1 Acoustic Emission (AE) Signal 
 The acoustic emission signal is typically rendered in the form of a transient elastic wave. 
The energy of the transient elastic wave is generated from one single or multiple sources in the 
structure [4]. The AE system needs two fundamental factors.  
 Source: the structure (materials) suddenly suffers an inner or outer pressure, which causes 
the materials to begin stages of deformation or crack formation. 
 System: the sensor detects the waves from the AE source and translates the AE waves to 
the relative electrical signal of different strength levels. 
The advanced AE detection system can be used to detect the location of the sources [5]. 
For the planar flaw location detection, at least two sensors should be used. For the three-
dimensional cracking location identification, more than three AE sensors are typically needed [6]. 
 
2.1.1 Acoustic Emission Waveform 
 The AE waveform can be separated to two types as shown in Figure 1. The first type is 
called the continuous wave and the second type is transient wave [7]. The continuous wave shows 
the wave in different frequencies and amplitudes. There is not a specific wave that can be used in 
analyzing the AE data. However, the transient wave is unique due to its analyzing abilities to test 
the background noise before and after the transient wave. 
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(a) 
 
(b) 
 
Figure 1 (a) The transient wave (b) the continuous wave 
 
During testing, the continuous AE signal cannot be analyzed because the background signal 
is being determined. In Figure 1(a), it is clear that the transient AE signal can easily differentiate 
the useful signal from the background signal. The best time to analyze the most accurate/strongest 
signal is to measure it after the amplifier due to its increased signal magnitude. 
However, the background noise is also amplified. The traditional AE systems provide 
signal processing algorithms to identify the transient signal parameters. The parameters are defined 
below and shown in Figure 2[8]. 
1. Hit: the signal above the threshold and cause a system to start accumulating data. 
2. Count/ ring-down count/ emission count: the number of the times that a signal exceeds 
the threshold value.  
3. Amplitude: it is usually assigned to the peak voltage of the signal that is expressed in 
decibels (dB). 
4. Duration: the time range of the AE signal for the triggered time. 
5. Rise time: the time between the triggering time to the peak amplitude. 
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Figure 2 The key parameters for AE transient signal [8] 
 
2.2 MEMS Acoustic Emission Sensors Review 
 The traditional AE sensors are made of piezo-ceramic. The volume of the traditional 
sensors are large, thus it is hard to embed them into the structures. The cost of the traditional AE 
sensors is also quite high. Therefore, the Micro-Electro-Mechanical-System (MEMS) technology 
is the potential solution to outperform the traditional AE sensor. The MEMS AE sensor can be 
divided into capacitive and piezoelectric transduction mechanisms. There are some advantages of 
MEMS technology such as mass production ability, low cost, and small volume. Moreover, the 
MEMS technology can be combined with the amplifiers and antenna, which is powered by remote 
control of the small chips so that the MEMS AE sensor does not need an additional amplifier or 
antenna. MEMS AE sensors also can be fabricated on the same wafer in an array while each AE 
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sensor holds a different resonance frequency. Different resonance frequencies of an AE sensor 
array improve the detection ability of the AE events.  
 
2.2.1 Piezoelectric MEMS AE Sensor 
The first piezoelectric MEMS AE sensor was fabricated by Polla and Francis in 1998 [9]. 
They utilized PZT as the piezoelectric transducer material to fabricate the AE sensor through 
MEMS processing technology. The designed frequencies range from 50 kHz to 2 MHz. Testing 
was conducted using a mechanical pencil break method under the low electromagnetic 
environment. The results for the peak amplitude were in the range of 50 μV to 100 μV or 0.25 pC 
to 0.5 pC without the usage of an external pre-amplifier.  
 In 2013, Chen and Shi fabricated AE sensor composed of a new type of piezoelectric 
material that is PZT nano-active fiber composites [10]. In their research, the piezo coefficient d33 
of this new material is about 0.079 Vm/N that is higher than that of the bulk PZT (0.025Vm/N). 
For the testing, in order to eliminate the electromagnetic interference, authors utilized the faraday 
cage. They used a steel bar to generate the AE signal. The resultant maximum peak voltage from 
an AE signal is 0.2V. 
 
2.2.2 Capacitive MEMS AE Sensors 
 There are many researchers testing the capacitive MEMS AE sensors. The first research 
was completed by Jones et. al in 1999 [11]. Their sensor was built with 1 mm2 silicon nitride 
membranes and the air gap of suspended membranes was kept at one to two micrometers. The 
resonance frequency was between 100 kHz to 250 kHz. The designed sensors were tested by 
dropping a ball and breaking a pencil. 
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 In 2003, the MEMS capacitive AE sensors became an array type sensors. Oppenheim et al. 
fabricated a phased array of polysilicon capacitive diaphragms designed as an AE sensor [12]. The 
resonance frequency was 5 MHz for an air operation. This device could be used to detect an 
ultrasonic signal via distance and direction. In 2006, Ozevein et.al further improved Oppenheim’s 
design through geometric design optimization [13]. Ozevein designed arrays of 49-100 parallel 
capacitive sensors and the total static capacitance was increased to 30-40 pF with a 1.25 
micrometer air gap. The resonance frequency was designed to be between 100 kHz to 500 kHz. 
The testing method was different as compared to the traditional ways. They utilized a pre-cracked 
steel specimen during a four-point bending test. In 2007, Wu et. al showed in their research of a 
capacitive MEMS AE sensor where they focused on eliminating the squeeze-film damping and 
increasing the Q factor [14]. The sensors operate with the resonance frequency between 100 kHz 
to 500 kHz. This study also showed that etching holes and vacuum sealing were the key strategies 
for enhancing the sensitivity when compared to earlier designs. This device showed four times 
higher sensitivity. To detect different wave modes of AE signals, Wright et. al. showed a chip 
including in-plane detection mode which is an open grill design and out-of-plane detection which 
is a finger type designed of MEMS capacitive AE sensors [15]. They improved the packaging and 
redesigned the amplifier so that the resonance frequency between 100 kHz and 500 KHz detected. 
The in-plane sensors array was composed an array of 532 sensors and the out-of-plane array was 
made of an array of 144 sensors. The static capacitance was designed ranging from13 pF to 2.95 
pF. Moreover, this study also confirmed the amplifiers were the main sources of the noise.  
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2.3 Electromechanical Characteristic of Capacitive MEMS Sensor 
 The AE capacitive sensor is utilized to detect the acoustic emission signals u(t). The 
acoustic signals originate from the released energy from the AE events. The elastic wave will cause 
the displacement x(t) between the bottom and top electrodes. Figure 3 shows the relationship 
between the acoustic signal and displacement x(t). Applying the DC bias voltage (VDC) between 
two electrodes, a motion-based time-varying motional current i(t) can be generated. A time-
varying output voltage can also be produced as the output motion current flowing through the 
termination resistor. 
 
 
Figure 3 The cross-sectional illustration of a capacitive MEMS AE sensor 
 
In 2009, Wright derived the following equation for a lumped mass-spring-damper 
system.[6]: 
𝑚?̈? + 𝑐?̇? + 𝑘𝑥 − 𝐹𝑒𝑙𝑒𝑐𝑡 = −𝑚?̈? (2.1) 
where 𝑚 is equivalent mass, 𝑐 represents damping coefficient, 𝑘 is equivalent stiffness, and 𝐹𝑒𝑙𝑒𝑐𝑡 
represents the electrostatic force generated between the top and bottom electrode when a DC bias 
is applied.  
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The capacitance value between the top electrode and bottom electrode is given by: 
𝐶 =
𝜀0𝐴
𝑔 − 𝑥
≈
𝜀0𝐴
𝑔
(1 +
𝑥
𝑔
) (2.2) 
where 𝜀0 is the permittivity of free space, 𝐴 is the effective area of the electrode, and 𝑔 is the initial 
static air gap distance between the two electrodes. 
 The electrostatic force between two electrodes can be expressed as: 
𝐹𝑒𝑙𝑒𝑐𝑡 = −
𝑑
𝑑𝑥
(
1
2
 𝐶𝑉𝐷𝐶
2) = −
1
2
𝑉𝐷𝐶
2 𝑑
𝑑𝑥
(
𝜀0𝐴
𝑔 − 𝑥
) =
1
2
𝑉𝐷𝐶
2 𝜀0𝐴
(𝑔 − 𝑥)2
 (2.3) 
 
For 𝑔 ≫ 𝑥: 
𝐹𝑒𝑙𝑒𝑐𝑡 =
𝜀0𝐴𝑉𝐷𝐶
2
2𝑔2
 (2.4) 
Now, the governing equation for the lumped mass-spring-damper system can be written as: 
𝑚?̈? + 𝑐?̇? + 𝑘𝑥 −
𝜀0𝐴𝑉𝐷𝐶
2
2𝑔2
= −𝑚?̈? (2.5) 
There are three cases that the displacement can be induced in a capacitive sensor based on 
the Equation (5). 
1.  A DC bias voltage applied between the top and bottom electrodes of the sensor but 
there is no mechanical excitation. This following equation shows the displacement of 
the top electrode: 
𝑥 =
𝜀0𝐴𝑉𝐷𝐶
2
2𝑘𝑔
 (2.6) 
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Use 𝑥 in Equation (6) to replace 𝑥 in Equation (2): 
𝐶 =
𝜀0𝐴
𝑔
(1 +
𝜀0𝐴𝑉𝐷𝐶
2
2𝑘𝑔3
) = 𝐶0 + 𝐶1𝑉𝐷𝐶
2 (2.7) 
 
The 𝐶0 and 𝐶1 is expressed as the following and 𝐶0 is static capacitance: 
𝐶0 =
𝜀0𝐴
𝑔
  (2.8) 
𝐶1 =
𝐶0
2
2𝑘𝑔2
 (2.9) 
 
2. When the spring reaction force is equal to electrostatic force and a DC voltage is 
applied to the top electrode layer. When the DC voltage gradually increases, the 
distance between two electrodes will decrease until two electrodes collapse. Liu proved 
the pull-in voltage appears when the top electrode shows a displacement equals one-
third of the initial gap distance between two electrodes [16]: 
𝑑𝑝𝑢𝑙𝑙−𝑖𝑛 =
1
3
𝑔 (2.10) 
The pull-in voltage equation is therefore given by: 
𝑉𝑝𝑢𝑙𝑙−𝑖𝑛 = √
8𝑘𝑔3
27𝜀0𝐴
 (2.11) 
3. Under the existence of mechanical input, the induced current is described as: 
𝑖(𝑡) =
𝑑𝑄
𝑑𝑡
= 𝐶
𝑑𝑉
𝑑𝑡
+ 𝑉
𝑑𝐶
𝑑𝑡
= 𝐶
𝑑𝑉
𝑑𝑡
+
𝑉𝐷𝐶𝜀0𝐴
𝑔2
𝑑𝑥
𝑑𝑡
 (2.12) 
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The definition of the resonance frequency is expressed: 
𝜔0 = 2𝜋𝑓0 = √
𝑘
𝑚
 , (
𝑟𝑎𝑑
𝑠
) (2.13) 
where 𝑘 is stiffness and 𝑚 is the mass of the spring-mass-damper system. 
The quality factor of this sensor is given by:  
𝑄 =
𝑚𝜔0
𝑐
 (2.14) 
where 𝑚 is the mass of the system, 𝜔0 is resonance frequency, and 𝑐 is damping coefficient. 
 
2.4 Noise 
 Noise is an important factor that influences the micromechanical sensors and actuators. 
The random motion of the molecules, atoms, and electrons can induce noise. The noise from the 
small free particles can limit and impact the micromechanical sensors and actuators’ performance. 
Hence, the noise must be considered when the micro-scale or nano-scale sensors and actuators are 
designed. The noise can be separated into two different categories. The first type originates from 
the internal source and the other is induced by the external source. The internal sources are 
components with physical resistance such as resistors and transistors in the circuits. The external 
sources include natural sounds that are different from the internal sources.  
 In MEMS devices, the main noise source is the mechanical-thermal noise because the 
MEMS device always contains micrometer scale movable elements. In general, the mechanical-
thermal noise does not have much impact on the devices of bigger sizes, but this noise limits the 
smallest tolerable device sizes due to the noise. By this impact, the small size devices have lower 
signal power as compared to the large devices. However, the noise level continues to increase its 
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influences as devices scale down. For a few failed designs, the device signals may not sufficient 
level to overcome the noise floor or retain a needed signal to noise ratio [17].   
 
2.4.1 Statistical Representation of Noise 
All of the electronic devices have been influenced by the noise. Large amounts of the noise 
sources have the Gaussian probability distribution so that it becomes easier to calculate the noise 
signal level. The Gaussian probability distribution can be represented as: 
𝑓(𝑣𝑛) =
1
𝑣𝑟𝑚𝑠√2𝜋
𝑒
−
𝑣𝑛
2
2𝑣𝑟𝑚𝑠 (2.15) 
where 𝑣𝑛 presents electrical noise in voltage and 𝑣𝑟𝑚𝑠 is the standard deviation of average voltage.  
𝑣𝑟𝑚𝑠 = lim
𝑁→∞
√
1
𝑁
∑ 𝑣𝑛2
𝑁
𝑛=1
 (2.16) 
 
The measurable noise 𝑣𝑛 is starting from 𝑣1 to 𝑣2[18].  
𝑃 = ∫ 𝑓(𝑣𝑛)𝑑𝑣𝑛
𝑣2
𝑣1
 (2.17) 
In the normal environment, there are multiple noise sources. Thus, the total noise can be expressed 
as: 
𝑣𝑟𝑚𝑠,𝑡𝑜𝑡𝑎𝑙 = √𝑣𝑟𝑚𝑠,12 + 𝑣𝑟𝑚𝑠,22 + 𝑣𝑟𝑚𝑠,32 + ⋯ + 𝑣𝑟𝑚𝑠,𝑛2 (2.18) 
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2.4.2 Noise in Frequency Domain 
The Gaussian noise in the frequency domain is much easier to calculate because it can 
include unknown noise sources. The root mean squared noise shows the amplitude in the time 
domain. This rms noise in Equation (15) does not show any information about the frequency range. 
However, the power spectral density 𝑣𝑛2̅̅ ̅̅̅ and spectral density 𝑣𝑛̅̅ ̅ = √𝑣𝑛2̅̅ ̅̅̅ determines the average 
noise per unit bandwidth at a certain frequency. The rms noise can be express in the form of the 
spectral density: 
𝑣𝑟𝑚𝑠 = √∫ 𝑣𝑛2̅̅ ̅̅̅ (𝑓)𝑑𝑓 (2.19) 
The measured noise is therefore given by: 
𝑣𝑛,𝑜𝑢𝑡2̅̅ ̅̅ ̅̅ ̅̅ ̅(𝑓) = |𝐻(𝑓)|
2𝑣𝑛
2 (2.20) 
where 𝐻(𝑓) =
𝑣𝑜𝑢𝑡
𝑣𝑖𝑛
. So the rms noise output can be expressed as: 
𝑣𝑟𝑚𝑠 = √∫|𝐻(𝑓)|2𝑣𝑛2 𝑑𝑓 = 𝑣𝑛√∫|𝐻(𝑓)|2 𝑑𝑓 (2.21) 
 The noise bandwidth is given by: 
𝐵𝑊 =
1
|𝐻𝑝𝑘|
2 ∫|𝐻(𝑓)|
2𝑑𝑓 (2.22) 
where |𝐻𝑝𝑘| is the peak value in the transfer function. 
 The 𝑣𝑟𝑚𝑠 noise can be expressed as: 
𝑣𝑟𝑚𝑠 = |𝐻𝑝𝑘|√𝐵𝑊𝑣𝑛̅̅ ̅ (2.23) 
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2.4.3 Electrical Thermal Noise 
The electrical thermal noise is from the thermal effects of the carriers in the electrical 
conductors. This type of noise is also called Johnson-Nyquist noise. The sum of the numbers of 
independent inductors and capacitors decide the degree of the energy storage elements. This noise 
is voltage independent. The electrical thermal noise stored in the capacitor can be shown as: 
𝑤𝑐 =
1
2
𝐶𝑣𝑟𝑚𝑠
2 =
1
2
𝑘𝐵𝑇 (2.24) 
where 𝑘𝐵 is Boltzmann constant and T is temperature. The rms noise voltage in the capathe citor 
can be expressed as: 
𝑣𝑟𝑚𝑠 = √
𝑘𝐵𝑇
𝐶
 (2.25) 
  
 
The noise spectral density is resistors dependent and can be given by: 
𝑣𝑛2̅̅ ̅̅̅ = 4𝑘𝐵𝑇𝑅 (2.26) 
 
2.4.4 Mechanical Thermal Noise 
 The mechanical thermal noise is originated from the mechanical elements of the device. It 
is also called Brownian noise. This type of noise also depends on the energy storing elements. The 
energy storing in AE sensor can be separated in two forms. One is stored in the spring as the 
potential energy (𝑊𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙). The other is stored in the mass as kinetic energy (𝑊𝑘𝑖𝑛𝑒𝑡𝑖𝑐). 
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𝑊𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =
1
2
𝑚?̇?𝑟𝑚𝑠
2 =
1
2
𝑘𝐵𝑇 (2.27) 
𝑊𝑘𝑖𝑛𝑒𝑡𝑖𝑐 =
1
2
𝑚?̇?𝑟𝑚𝑠
2 =
1
2
𝑘𝐵𝑇 (2.28) 
?̇?𝑟𝑚𝑠 = √
𝑘𝐵𝑇
𝑘
 (2.29) 
 
 The frequency content in mechanical thermal noise can be shown as: 
𝐹𝑛
2̅̅ ̅̅ = 4𝑘𝐵𝑇𝛾 (2.30) 
where 𝛾 is damping coefficient of the system. 
 
2.5 Packaging 
The package for the AE sensor is a crucial part because it could strongly impact the 
sensitivity in response to the AE events. The host substrate, package materials, and interlayer 
bonder (e.g., glue) are all the key factors impacting the performance of the AE sensor. The good 
materials can support the propagation of the wave energy from the package surface to the sensor 
without any substantial loss. The bad materials will however absorb or reflect the wave energy.  
Based on the preliminary results reported by Adrian Avila in 2017 [19], the packaging of 
AE sensors must be designed to fully optimize the AE sensor responses. In his dissertation work, 
it is discovered that the probe station is not a recommended testing setup because the noise from 
the probe station due to the ambient vibration is quite large that it will impact the sensitivity of 
sensors. With the properly designed packaging of the AE sensors, the influences of the electrical 
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and mechanical noises on the sensor performance can be mitigated. Also, the package for the AE 
sensors reduced the vibration noise. 
There are many ways to package the MEMS acoustic emission sensors. In 2009, Feng et 
al. presented their packaging approach for the AE sensors [20]. Their AE sensors were covered 
with a metal housing and epoxy was used to fix the sensors. In 2013, Saboonchi et al. mounted 
their sensors on a ceramic package with two-part epoxy and wire-bonding [19]. As a matter of fact, 
the epoxy is widely used in AE sensor packages due to its low attenuation and high acoustic 
impedance [20]. 
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CHAPTER 3: DESIGN AND SIMULATION 
 
The acoustic emission (AE) sensor is the most common engineering tool used in 
nondestructive structural health monitoring (SHM). The signal of the AE sensor shows timely and 
accurate information for structural health monitoring, which is a technology used to prevent and 
avoid catastrophic damages in the structure. These AE sensors detect the high frequency and short-
duration elastic waves that come from the cracks or defects in the civil structures.  
 The MEMS capacitive acoustic emission sensor is the latest addition to the SHM 
technology. It has the ability to overcome the shortcomings of the traditional piezoelectric AE 
sensors. The advantage of the MEMS capacitive AE sensor lies in the fact that it contains the 
amplifier on a small chip so that the cost of the AE sensor can be lower than the cost of the 
traditional piezoelectric AE transducers. 
 The simulation methods and results are presented in this chapter. The methods used in this 
chapter to perform the simulations are based on the methods in published prior works.  
The CovetorWare supports modal and harmonic analysis by using finite element analysis 
(FEA) models. In order to detect the effects of different air gap distances on sensitivity and pull-
in voltage, different air gap distances and patterns/effective areas of the top electrode layer of the 
devices were strategically designed, simulated and compared.  
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3.1 Analytical Modeling 
 In Chapter 2, a governing equation for a lumped-element mass-spring-damper system for 
a parallel plate capacitive sensor is given by: 
𝑚?̈? + 𝑐?̇? + 𝑘𝑥 − 𝐹𝑒𝑙𝑒𝑐𝑡 = −𝑚?̈? (3.1) 
where 𝑚 is equivalent mass, 𝑐 represents damping coefficient, 𝑘 is equivalent stiffness, and 𝐹𝑒𝑙𝑒𝑐𝑡 
represents the electrostatic force between two the electrodes with an applied DC bias voltage. The 
damping coefficient (𝑐) is defined by the effect of the squeeze-film viscous damping during the 
oscillation. The stiffness constant is related to the resonance frequency of the AE sensor. The 
electrostatic force, damping coefficient and stiffness constant are highly influenced by the 
geometry, shape and the structure of the parallel-plate electrodes. Multiple research papers about 
the performance of the MEMS AE sensors have been previously published. Saboonchi et al. [21], 
Wright et al. [15], and Wu et al. [14] have investigated designs with the similar top electrode 
structure and geometry. Their designs were all evaluated by simulations to reveal the effective 
characteristics in the electromechanical and dynamic behaviors. The most exemplary parts of their 
structures are the open grill geometry and the air gap distance. The different aspect ratios of the 
grill geometry on the patterned top electrode structure and gap distance are directly related to the 
damping coefficient, Q-factor and the transient response of the MEMS AE sensor. Figure 4 shows 
the layouts for the AE sensors with different aspect ratios and spring type in CoventorWare. Figure 
4(a) to 4(e) show the 2 anchor designs and Figure 4(f) to Figure 4(j) illustrates the designs with 4 
anchors. Table 1 shows the top electrode layer dimension of each AE sensor. The MEMS AE 
sensor design is separated by the aspect ratio (AR) of the perforated hole on the top layer. The 
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effective area (AEFF) is the total effective top electrode area without including the area of the 
perforated holes. 
 
(a) 
 
 
(b) 
 
 
(c) 
 
(d) 
 
(e) 
 
 
(f) 
 
(g) 
 
 (h) 
 
 
(i) 
 
(j) 
 
Figure 4 The layout designs for AE sensor structures 
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Table 1 Introduction of the MEMS AE sensor geometric dimensions 
 
In order to evaluate Equation (1), there are some parameters that should already be 
calculated such as the stiffness constant and the damping coefficient. When the five DC bias 
voltages are applied to the MEMS AE sensors, the static capacitance, the electrostatic force, and 
the displacement can be evaluated using FEM simulation. Table 2 shows these parameters. The 
equations (4), (6) and (8) should be used to calculate the parameters.  
 
Table 2 The value for the displacement, static capacitance, and electrode force with five DC bias 
voltage 
 
 
 
 
 
 
3.1.1 Pull-In Voltage 
 The pull-in voltage is a significant value in the MEMS capacitive type of structure. The 
pull-in voltage can be used to correlate the external force and the displacement of the top electrode 
 
AR Length(L) Width(W) LH WH AEFF 
AE1 1:1 400um 390um 40um 40um 98400 um2 
AE2 3:1 400um 390um 60um 20um 84000 um2 
AE3 8:1 400um 390um 80um 10um 95200 um2 
AE4 12:1 400um 390um 120um 10um 94800 um2 
AE5 16:1 400um 390um 160um 10um 95200 um2 
AE6 32:1 400um 390um 320um 10um 95200 um2 
AR Displacement (x) static capacitance (c0) electrostatic force (Felect) 
1:1 8.7103 nm 0.3496 pF 7.0155 uN 
3:1 7.4356 nm 0.2982 pF 5.9827 uN 
8:1 8.4270 nm 0.3381 pF 6.7858 uN 
12:1 8.3916 nm 0.3367 pF 6.7571 uN 
16:1 8.4270 nm 0.3381 pF 6.7858 uN 
32:1 8.4270 nm 0.3381 pF 6.7858 uN 
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layer with the applied DC voltage. Liu [16], Hanasi et al. [22], and Sazzadur et al. [23] shows the 
modified pull-in voltage equation as the following: 
𝑉𝑝𝑢𝑙𝑙−𝑖𝑛 = √
8𝐾𝑒𝑓𝑓𝑑3
27𝜀0𝐴𝑒𝑓𝑓
 (3.2) 
where 𝐾𝑒𝑓𝑓 is the spring constant, 𝑑 is the gap distance between the top and bottom electrodes, 𝜀0 
is the permittivity for the air and the 𝐴𝑒𝑓𝑓 is the effective area. The pull-in voltage indicates the 
conditions when a gradually increasing voltage is applied to the devices. When the top electrode 
layer collapses to the grounded bottom electrode, the DC bias voltage applied at this point is called 
the pull-in voltage. In this study, the DC bias voltage is applied to the top of the structure and the 
bottom structure serves as the DC ground. Since the DC voltage bias voltage is applied to the top 
layer, the released and suspended top electrode layer deforms and the capacitive air gap shrinks 
between two layers. This is because the generated electrostatic force pushes the top layer toward 
the ground layer. In the simulation, CoventorWare conducts finite element analysis (FEA) of the 
MEMS AE sensor to figure out the pull-in voltage. The CoSolveEM in CoventorWare is chosen 
to simulate the pull-in voltage. The CoSolveEM is coupled with electromechanical and 
electrostatic analysis. Table 3 shows the simulation results and compares them with the hand 
calculation results for a variety of different aspect ratios for devices designed with 2 anchors or 4 
anchors. The pull-in voltage is an important characteristic of a MEMS AE sensor. If the applied 
bias voltage is larger than the pull-in voltage, the top layer and bottom layer of the MEMS AE 
sensor will collapse. 
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Table 3 The simulation and calculation of the pull-in voltage for (a) devices designed with 2 
anchors; and (b) devices designed with four anchors 
 
AR Calculation Simulation 
1:1 65.2082 V 70 
3:1 70.5765 V 73.75 
8:1 66.2951 V 71.56 
12:1 66.4348 V 58.44 
16:1 66.2951 V 71.25 
32:1 66.2951 V 71.25 
(a) 
AR Calculation Simulation 
1:1 321.0530V 310.05 
3:1 347.4839V 354.58 
8:1 326.4042V 330.89 
12:1 327.0921V 325.54 
16:1 326.4042V 330.77 
32:1 326.4042V 330.78 
(b) 
 
3.1.2 C-V Simulation 
 C-V measurement is an important measurement for the capacitive lumped-element mass-
spring-damper devices. In this type of devices, when the DC bias voltage increases, the capacitance 
should also increase due to the deformation of the top electrode thus leading to reduced air gap. 
The DC voltage causes the top layer to move toward the bottom electrode thus resulting in 
increased capacitance value [24]. Also, C-V measurement is good means to check the status of AE 
sensors to confirm if the AE sensors are fully released [19]. Figure 5(a) shows the simulated C-V 
response for a device with 2 anchors and perforated holes with the aspect ratio (AR) of 8:1, whereas 
Figure 5(b shows another design with 4 anchors and an AR of 3:1 based on simulation results by 
CoventorWare.  
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(a) (b) 
Figure 5 (a) Simulated C-V response for an AE sensor equipped with 2 anchors and a top plate 
perforated holes with AR of 8:1; (b) simulated C-V response for an AE sensor equipped with 4 
anchors and a top plate perforated holes with AR of 3:1 
 
As can be seen in Figure 5(a), the initial static capacitance value for a single AE sensor 
node (element) of the first design is 0.41793 pF and when a zero DC bias voltage is applied, while 
the capacitance value increases to 0.41839 pF under a DC bias voltage of either +20volt or -20volt. 
Similarly, as shown in Figure 5(b), the initial static capacitance value for a single AE sensor node 
(element) of the second design is 0.3958 pF under a zero DC bias condition, while the capacitance 
value increases to 0.398 pF when a dc bias voltage of either +20volt or -20volt is applied. 
 
3.1.3 Damping Coefficient Calculation 
 As the MEMS AE sensor is working under the normal ambient environment, the viscous 
air provides an opposite force to reduce the sensor’s vibrational movement known as the squeeze 
film damping effect. When the microstructure oscillates next to the surface, the “viscous air” is 
trapped between the microstructure and the surface causing the squeeze film damping effect. This 
makes the damping effect more drastic for microstructures separated with a smaller air gap [25]. 
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The squeeze film damping is the key effect that causes the energy dissipation in capacitive MEMS 
devices, which has severe impacts on the frequency characteristics of the MEMS structures in the 
parallel plate configuration [26]. 
 The effect of squeeze film damping can be modeled as inertial mass and viscous media. 
The inertial in typical MEMS sensors can be ignored because of their tiny microstructures. 
Therefore, for the parallel-plate sensors under the isothermal condition, the fluid squeeze-film 
damping can be simplified and modeled by Reynolds equation as shown below [27]: 
∇ ∙ [(1 + 6𝐾𝑛)ℎ
3(𝑃0 + 𝑝)∇p] = 12𝜇
𝜕[(𝑃0 + 𝑝)ℎ]
𝜕𝑡
 (3.3) 
where 𝐾𝑛 is Knusen number, ℎ is the thickness of the air gap/spacing, 𝑃0 is the standard ambient 
pressure from the environment, 𝑝  is the pressure change compared to the pressure from the 
environment and 𝜇  is the fluid viscosity. The 𝐾𝑛  describes 𝜆 ℎ⁄ . 𝜆  is the mean free path for 
particles traveling between collisions. When the ℎ is a very small value, the Knusen number will 
be impacted by 𝜆. Under this condition, the continuum fluid equation cannot be used because of 
the slip-flow condition [28]. The Equation (32) should be used under the following assumptions: 
the gap distance is small and the pressure between the top and bottom electrodes is uniform, the 
film is isothermal and the fluid velocity on the mass surface is constant.    
 When the displacement of MEMS devices are smaller than the film (air gap) thickness and 
the standard pressure from the environment is larger than the pressure change compared to the 
pressure from the environment, the Equation (32) can be further simplified to Equation (16) shown 
below. 
𝑃0ℎ0
2
12𝜇𝑒𝑓𝑓
∇2 (
∆𝑝
𝑃0
) −
𝜕
𝜕𝑡
(
∆𝑝
𝑃0
) =
𝜕
𝜕𝑡
(
ℎ
ℎ0
) (3.4) 
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 The squeeze number (𝜎) is used to measure the degree of the fluid compression in squeeze-
film damping scenario. The squeeze number should be less than 1. If the number is not less than 
1, the spring constant should be calculated for the evaluated system.  
𝜎 =
12𝜇𝜔𝐿𝑠
2
ℎ0
2𝑃0
 (3.5) 
where 𝐿𝑠 is the system’s smallest characteristic dimension. 𝜔 is the angular frequency. 
 𝜎𝑐𝑢𝑡−𝑜𝑓𝑓 is called the cut-off squeeze number. This value is the point when the damping 
and spring force equals each other. 
𝜎𝑐𝑢𝑡−𝑜𝑓𝑓 = 𝜋
2 (
𝛽2
4
+ 1) (3.6) 
where 𝛽 is the ratio of width to length. The 𝜎𝑐𝑢𝑡−𝑜𝑓𝑓 for the MEMS AE sensor is 12.275. 
 
3.1.4 Stiffness Constant Calculation 
For MEMS AE sensors, each constituent parallel-plate capacitive sensor element is 
equipped with four springs as its mechanical suspension. These springs are designed with the so-
called supporting beam configuration that is widely used in MEMS devices. The spring design 
should consider the direction of stiffness-constrained movements in the AE sensor, the x and y-
direction (in-plane) movements will be limited and the z-direction (out-of-plane) movement 
represents the desired output displacement. These supporting springs the AE sensors are designed 
based on so-called crab-leg spring configuration. This design is used to reduce the area of the 
springs, but it does not influence the flexural behavior of the spring. There are two parts in spring. 
The first part is thigh and second part is shin. The dimensions are shown in Table 4. The thigh part 
is connected to the main suspended parallel plate structure and the shin part is connected to the 
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anchor. The connection part of the anchor and the shin part is the fixed at their ends. Figure 5 
illustrates the AE design that is composed of thighs, shins, and anchors. By this design, the spring 
movement in the z-direction is made to be softer than x- and y-directions. With the negligible 
amount of rotations in the anchor and suspended proof mass due to the designed high moment of 
inertia (rotation stiffness), the equivalent stiffness of the flexural supporting beams can be 
expressed as [29]:  
𝑘𝑥=
𝐸ℎ𝑤𝑏
3(4𝐿𝑏 + 𝛼𝐿𝑎)
𝐿𝑏
3(𝐿𝑏 + 𝛼𝐿𝑎)
 (3.7) 
𝑘𝑦=
𝐸ℎ𝑤𝑎
3(𝐿𝑏 + 4𝛼𝐿𝑎)
𝐿𝑏
3(𝐿𝑏 + 𝛼𝐿𝑎)
 (3.8) 
𝑘𝑧 =
48𝑆𝑒𝑎
2𝑆𝑒𝑏
2𝐿𝑏𝐿𝑎
4𝑆𝑒𝑎𝑆𝑒𝑏
2𝐿𝑎
4𝐿𝑏 + 4𝑆𝑒𝑎
2𝑆𝑒𝑏𝐿𝑎𝐿𝑏
4 (3.9) 
 
Table 4 The dimension of the thigh and shin 
 
2 anchors structures 4 anchors structures 
Thigh 28um 18um 
Shin 136um 16um 
 
where 𝐸 is Young’s modulus of the material structure, ℎ is the thickness of spring, 𝑤𝑎 and 𝐿𝑎 are 
the width and length of the thigh, and 𝑤𝑏 and 𝐿𝑏 are the width and length of the shin. 𝛼 is equal to 
(𝑤𝑏 𝑤𝑎⁄ )
3. 𝑆𝑒𝑎 and 𝑆𝑒𝑏 are bending stiffnesses which are determined by Young’s modulus and 
moment inertia (𝑆𝑒𝑎 = 𝐸𝐼𝑥,𝑎 and 𝑆𝑒𝑎 = 𝐸𝐼𝑥,𝑏). The moment inertia is given by 𝐼𝑥,𝑎 = 𝑤𝑎ℎ
3 12⁄  
and 𝐼𝑥,𝑏 = 𝑤𝑏ℎ
3 12⁄ . So, the equivalent stiffness under x, y and z directions are shown in Table 5. 
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Table 5 The stiffness of different structures 
 Two anchor structures Four anchor structures 
𝑘𝑥 1.5654 × 10
3 N m⁄  6.6474 × 105 N m⁄  
𝑘𝑦 7.7770 × 10
4 N m⁄  5.0103 × 105 N m⁄  
𝑘𝑧 6.9520 × 10
2 N m⁄  1.7768 × 105 N m⁄  
 
3.2 Dynamic Simulation 
The simulation of the dynamic responses for MEMS AE sensors is based on Equation (1), 
which is the classical model for a second order mass-spring-damper system. This equation is 
widely used in many research papers to simulation this type of MEMS devices [30] [31]. Matlab 
and Simulink are the software that can be used to perform the dynamic simulation. 
In the Matlab and Simulink, Equation (1) is used to model the effect of the input force. 
Figure 6 shows the Simulink schematic for the dynamic modeling for AE sensor. An AE sensor is 
capable of detecting the displacement u(t) induced by the AE events. There are some assessment 
methods for AE signal sources that are approved by ASTM International, such as pencil lead 
breaks and the gas jetting [32]. In the Simulink, there is a pulse generator block that introduces as 
an input signal with the waveform parameters based on ASTM E976. There are some key 
suggestions for this waveform parameters. For instance, the pulse width should be smaller than 
half of the period of the AE sensor and each pulse period should be long enough because the 
forming pulse should be completely damped before the arrival of the subsequent pulses. 
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Figure 6 Simulink dynamic simulation layout 
 
 The band-limited white noise source in Simulink simulates the effects of the Brownian 
noise, whose noise power is given by: 
𝑣𝑟𝑚𝑠 = √∫ 𝑣𝑛2̅̅ ̅̅̅(𝑓)𝑑𝑓 (3.10) 
The output motional current amplitude is given by [6] 
𝑖(𝑡) = (
𝑉𝐷𝐶𝜖0𝐴
𝑔2
)
𝑑𝑥
𝑑𝑡
 (3.11) 
 In the real world, the AE signal from the AE event sources takes around 1.5 milliseconds 
to arrive at the sensor [19] and the wave reflects sometimes. Figure 7 shows the simulation results 
for AE sensors and each structure representing different aspect ratios and a different number of 
anchors. Figure 7(a) to Figure 7(d) shows devices with 2 anchors. Figure 7(e) to Figure 7(h) depicts 
the devices with 4 anchors. 
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 In all the results, the signals show a fast and high rise (first impulse). After the first rise, 
the signal is impacted by the damping coefficient, where the output signal is highly influenced by 
the damping coefficient. The threshold is around 84 mV. Table 6 shows the number of counts for 
each sensor designs. Comparing to AE sensor designs equipped with 2 anchors, the AE sensors 
with 4 anchors are capable of capturing many more number of counts in the same duration. This 
is due to the high total spring stiffness and the resonance frequency value for designs with 4 
anchors as compared to those of designs with 2 anchors.  
 
Table 6 The number of counts in different structures 
AR 2 anchors structures 4 anchors structures 
1:1 2 3 
3:1 3 5 
8:1 5 9 
32:1 3 5 
 
As shown in Table 6, the AE sensor design with AR 8:1 of perforated holes has shown higher 
numbers of counts while design with 4 anchors has exhibited higher numbers of counts than that 
of the designs with 2 anchors. 
Q-factor is an important parameter for the MEMS devices, which is affected by designs 
with different aspect ratios and spring lengths. Equation (13) models the Q-factor while Table 7 
shows the Q-factor for the designs with 2 anchors and 4 anchors. 
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(a) AE sensor with AR 1 to 1 and  
2 anchors structure 
 
(b) AE sensor with AR 3 to 1 and  
2 anchors structure 
 
(c) AE sensor with AR 8 to 1 and  
2 anchors structure 
 
(d) AE sensor with AR 32 to 1 and  
2 anchors structure 
 
(e) AE sensor with AR 1 to 1 and  
4 anchors structure 
 
(f) AE sensor with AR 3 to 1 and 
2 anchors structure 
 
(g) AE sensor with AR 8 to 1 and 
3 anchors structure 
 
(h) AE sensor with AR 32 to 1 and 
4 anchors structure 
 
Figure 7 The simulation results for different designs of AE sensor devices 
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Table 7 The model-predicted Q-factor for different AE sensor design in terms of the numbers of 
anchors and aspect ratios for the perforated holes in the patterned top electrode 
 
AR 2 anchors structures 4 anchors structures 
1:1 1.2357 2.5767 
3:1 1.9706 3.9913 
8:1 3.1829 6.6838 
32:1 1.7498 3.8867 
 
As can be seen in Table 7, the AE sensor configurations with 4 anchors have shown higher 
model-predicted Q-factors than those of designs with 2 anchors. 
 The signal to noise ratio (SNR) is another important parameter that strongly impacts the 
performance of the AE sensors and the quality of the detected AE signals. In 2007, Vallen et al. 
show the methods to calculate the SNR [33]. 
𝑆𝑁𝑅(𝑑𝐵) = 10log (
𝐴𝑝_𝑠𝑖𝑔𝑛𝑎𝑙
𝐴𝑝_𝑛𝑜𝑖𝑠𝑒
) (3.12) 
where 𝐴𝑝_𝑠𝑖𝑔𝑛𝑎𝑙  is the highest peak amplitude of the signal and 𝐴𝑝_𝑛𝑜𝑖𝑠𝑒  is the highest peak 
amplitude of noise. Table 8 presents the SNR’s of different AE sensor designs. The design with 
patterned perforated holes of the aspect ratio of 8:1shows the hthe ighest SNR. The designs with 
four anchors also show the higher SNR than the counterparts with 2 anchors. 
 
Table 8 The model-predicted Q-factor of different AE sensor designs 
AR 2 anchors structures 4 anchors structures 
1:1 12.5954 13.631 
3:1 13.5624 14.1827 
8:1 14.2213 14.5004 
32:1 13.2877 14.0738 
 
33 
 
 Based on the simulation results, the optimal AE sensor design with perforated holes of an 
aspect ratio of 8:1 is anticipated to exhibit the highest Q and best signal quality. Meanwhile, AE 
sensor designs with 4 anchors all show better performances than the responding designs with 2 
anchors.  
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CHAPTER 4: RESULTS 
 
 The main purpose of this chapter is to present measurement results for the microfabricated 
devices. The previous chapter discusses the simulation methods and results for different a variety 
of AE sensor designs with top electrode perforation of different aspect ratios as well as supporting 
springs of different numbers and different lengths. The AE sensors that were measured have been 
designed by Adrian Avila in 2017 [19] and fabricated by Adnan Zaman using a slightly modified 
fabrication process flow. This chapter begins with a brief introduction of the fabrication process, 
followed by the measurement methods and results which are compared with the simulation results. 
 
4.1 Fabrication Process 
 In this section, the fabrication process will be briefly introduced in a layer-by-layer fashion. 
 For simplicity and concern of cost, regular low resistivity silicon wafers are chosen as the 
starting substrate for the AE sensors. An insulation layer is first introduced, which is composed of 
stacked layers of 1μm thermal silicon oxide and 300nm Si3N4. Then a Polydimthylglutarimide 
resist also known as LOR is spun coated to assist the subsequent lift-off process followed by spin 
coating of another photoresist to define the pattern of the bottom electrode by a UV lithography. 
After the first lithography step, a layer of Platinum or Ruthenium was deposited to form the bottom 
electrode followed by the standard dual-layer lift-off process to fully define the bottom electrodes 
as shown in Figure 8. 
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Figure 8 The illustration of the process to create the bottom electrode for AE sensors 
 
After the bottom electrode is properly patterned, an ultrathin insulation layer (e.g. Al2O3 or 
HfO2) is then deposited by using an atomic layer deposition (ALD) tool. This thin ALD layer is 
used to present shorting between the top and bottom electrodes of the AE sensors even under the 
pull-in conditions during its operation. Figure 9 shows fabricated device structure the after the 
ALD deposition. 
 
 
Figure 9 The bottom electrode and including ALD insulation layer 
 
The next step is to introduce and define the sacrificial layer as shown in Figure 10. This 
step is very important for capacitive MEMS AE sensors as this sacrificial layer determines the gap 
distance between the suspended (movable) top electrode and the fixed bottom electrode. Both SiO2 
deposited by Plasma-Enhanced Chemical Vapor Deposition (PECVD) and photoresist can be used 
as the sacrificial layer by slight modification of the fabrication process flow. The releasing methods 
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obviously depend on the chosen material for the sacrificial layer. There are methods for releasing 
the AE sensors, such as dry etching of photoresist by an oxygen plasma or wet etching of SiO2 by 
using buffer oxide etchant (BOE). 
 
 
Figure 10 The AE sensor device structure after the introduction of the sacrificial layer 
 
 After the deposition of the sacrificial layer, the next step is to pattern the anchors as shown 
in Figure 11(a) by dry etching through the sacrificial layer. Figure 11(b) shows the etching for the 
ALD insulation layer. The anchor is used to support the top electrode layer that is connected to the 
bottom electrode. The etching processes for the sacrificial layer and the ALD insulation layer 
depends on the chosen materials for those layers. For SiO2 and Al2O3, an etchant such as BOE can 
be used. For HfO2 layer, reactive ion etching is preferred while oxygen plasma is used for etching 
the sacrificial layer made of photoresist. 
 
 
37 
 
 
(a) 
 
(b) 
Figure 11 (a) Patterning of the sacrificial layer for anchor definition, and (b) patterning of the ALD 
insulation layer 
 
The next step is to deposit a seed layer by sputtering that is composed of two metal layers. 
A 20nm titanium layer is utilized to improve the adhesion followed by deposition of a 200nm layer 
of copper. This seed layer is introduced to prepare for the subsequent top electrode plating process.  
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Figure 12 Sputtering a seed layer for the plating process 
 
 The following step is to spin coat the photoresist for to form molding that defines the shape 
of the plated top electrode. After the lithography process, the top electrode shapes are determined 
including width, length, spring length and spring width, and length and width of perforated holes. 
 
 
Figure 13 The shape of the top electrode is defined by a photoresist layer and a molding process 
  
 The next step is to finish the electroplating of the top electrodes. The seed layer serves as 
the cathodes while the anode is connected to the nickel during the electroplating process. Nickel 
sulfamate (Ni(SO3NH2)2) is used as the electroplating solution. The deposition thickness of plated 
nickel can be calculated and determined by the following expression [19]: 
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𝑇 =
12.294 × 𝐼 × 𝑡
𝐴
 (41) 
where 𝐼 is current amplitude in amperes, 𝑡 is the time for the process in hours, 𝐴 is the electrode 
area in 𝑑𝑚2. The top electrode is made of electroplated nickel, which is a good material for the 
AE sensors, which has some good properties in terms of hardness, reflectance and magnetic 
permeability. Also, the resonance frequency between 100 kHz to 1MHz can be readily achieved 
by varying the layer thickness of the electroplated nickel between 5 μm and 20 μm. 
 
 
Figure 14 The electroplating process for the top electrode 
  
After defining the nickel top electrode(s), the next step is to remove the photoresist 
sacrificial layer by using acetone and methanol. The fully patterned top electrode appears after 
removing photoresist with a cross-sectional structure as shown in Figure 15.  
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Figure 15 Removing photoresist for the electroplating 
  
 The following step is to etch away the seed layer, which has two layers. The top layer is 
made of copper and the bottom layer is made of titanium so that there are two different solutions 
to etch way the seed layer including Ammonium Hydroxide (NH4OH) and hydrogen peroxide 
(H2O2) to etch the copper layer followed by DI water and Hydrofluoric acid (HF) to remove the 
titanium adhesion layer underneath. 
 
 
Figure 16 The seed layer is etched by a different solution 
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 The last step is to fully release the AE sensor structure by etching away the sacrificial layer. 
Furthermore, after finishing the release process, the devices should be very carefully stored as 
there is a micro-scale air gap between two top and bottom electrodes in each of the device. 
In this work, two different sacrificial materials have been investigated including PECVD 
SiO2 and a photoresist. The BOE solution can be used as the etchant for the PECVD SiO2. To 
remove the photoresist, a two-step process is developed. The photoresist that is not covered by the 
top structure can etch by using an O2 plasma, while the photoresist sacrificial layer under the top 
electrode structure by using a plasma RIE system and a specially designed recipe. 
 
 
Figure 17 The cross section for the capacitance MEMS AE sensor 
 
4.2 Dimension for Capacitance MEMS AE Sensor 
After completing the entire fabrication process, the top-view microscope image is taken 
for capacitive MEMS AE sensors, which is compared to the design layout. Table 1 shows all the 
key dimensions for each sensor and Table 4 shows the dimension of each supporting spring. The 
gaps for all the AE sensors developed in this work are kept at 3 µm. The top view of each structure 
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after the releasing process is shown in Figure 18, which was taken using a Nikon microscope with 
a 5X lens. 
 
 
(a) AR of 1:1 and 2 anchors 
 
 
(b) AR of 3:1 and 2 anchors 
 
(c) AR of 8:1 and 2 anchors 
 
 
(d) AR of 32:1 and 2 anchors 
 
(e) AR of 8:1 and 2 anchors 
 
 
Figure 18 The key dimensions of the each AE sensor design structure 
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Slightly different from the device CAD layout, the length of shin is around 136 μm and the thigh 
is approximately 28 μm as shown by the microscope image. For devices with four anchors, the 
length of the shin is around 17 μm, which is about 1 µm longer than the design layout. The width 
and length of the structures and width and length of the perforated holes all match the design values 
shown in Table 1. 
 
4.3 Electrical Testing 
 The electrical testing including the multimeter testing of resistance, connectivity and the 
C-V measurement has been done on all testable devices.  
 
4.3.1 Testing for Resistor 
Before starting the AE events testing, the resistance and connectivity testing is required. 
The first testing is to measure the resistance/connectivity between the top and bottom electrodes 
to check if they are short-circuited together during the device fabrication. Meanwhile, similar tests 
are done to confirm the connectivity between the side contacts for both top and bottom electrodes 
by using the setup as shown in Figure 19 along with a probe station. The multimeter used for this 
test is a Keithley 2000 Multimeter. Generally, the resistance value between both sides of the top 
or bottom electrodes is 4k Ω.  
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Figure 19 The setup for short circuit testing to confirm the connectivity to top/bottom electrodes 
 
 The next step is to measure the resistance value between the top and bottom electrodes. 
Under the ideal situation, the resistance value for this testing should be beyond the testable limit 
(e.g., overflow) of the multimeter. Generally, when the multimeter shows a resistance above 50 
MΩ, it means the top and bottom electrodes are well separated from each other. Figure 20 shows 
the setup and test results between the top and bottom electrodes. If the multimeter shows a 
resistance lower than 70 kΩ, it indicates that the sacrificial layer is not fully released or the top 
electrode layer may be collapsed down onto the fixed bottom electrode. 
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Figure 20 The DC resistance/connectivity testing between the top and bottom electrodes 
 
4.3.2 C-V Measurement 
 The C-V measurement is another characterization technique of the capacitive AE sensor to 
confirm if the sacrificial layer is fully removed during the releasing process. A DC bias voltage is 
applied and varied while the capacitance value under different bias voltage is measured and plotted.  
 In this measurement, there are two samples to demonstrate the C-V measurement results. 
The first one is an AE sensor with 2 anchors and a perforation aspect ratio is 8:1. The second AE 
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sensor equipped with 4 anchors and a perforation aspect ratio 3:1. The parameters of the testing 
setup were set by following prior work done by Saboonchi and Ozevin in 2013[21]. The sweeping 
voltage is set from -20 volts to 20 volts at 1MHz. Figure 21 shows the C-V measurement results 
for both aforementioned sensors as shown in Figure 21(a) and Figure 21(b), respectively. 
 
 
(a) 
 
(b) 
Figure 21 (a) The C-V measurement result for AE sensors with a perforation AR of 8:1 and 4 
anchors; (b) the C-V measurement result for AE sensor with AR of 3:1 and 2 anchors 
 
As compared to C-V simulation results shown in Figure 6 while taking into account that 
the simulated result is based on one single element instead of the entire AE sensor (array). The AE 
sensor consists of a combination of 18 x 18 array of parallel capacitive AE sensor elements, thus 
the total effective capacitance value should be multiplied by 324 before comparing with the C-V 
measurement result. Table 9 compares the measurement and simulation results, which reveals a 
great agreement. The small difference between the C-V measurement and simulation result can be 
ascribed to the parasitic capacitance that cannot be fully avoided during the actual measurement. 
However, the C-V measurement is an important technique to confirm that the sacrificial layer is 
fully released. 
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Table 9 Comparing the C-V measurement values with the simulation values 
 AE sensor with AR 8 to 1 and 
2 anchors structure 
AE sensor with AR 3 to 1 and 
4 anchors structure 
The capacitance simulation 
value at 0 volt (after 
correction) 
135.41pF 128.24pF 
The capacitance measurement 
value at 0 volt 
163.03pF 154.9pF 
The capacitance simulation 
value at 0 volt (after 
correction) 
135.56pf 128.95pF 
The capacitance measurement 
value at 0 volt 
163.28pF 155.6pF 
 
4.4 Testing of the MEMS AE Sensor before Package 
 After the electrical characterization, the AE sensor is further tested on a probe station by 
applying an AE incident signal while detecting the output signal generated by the capacitive AE 
sensor. Before packaging, the measurement can be performed on top of a probe station. A 10 volts 
DC bias voltage is applied on the device top electrode by a Hewlett Packard E3620A power supply, 
while the bottom electrode is grounded. The AC output signal output is collected from the bottom 
electrode that is fed to the data acquisition unit (1283 USB AE node) widely used for commercial 
AE transducers. The data acquisition unit is a single channel digital AE signal processor that not 
only accept a motional current sourced out of the AE sensor but also conduct an analog signal 
processing. Moreover, there is a built-in internal preamplifier and a programmable filter in the data 
acquisition unit. This system is also equipped with a special software known as AEwinTM to show 
the real-time AE signal by a computer. The entire test setup is shown in Figure 22. A bias tee is 
used in the testing setup to isolate the DC voltage thus preventing it from damaging the data 
acquisition unit. 
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Figure 22 The test setup for measurements done on top of a probe station for an AE sensor 
 
4.4.1 Introduction of the Testing Methods 
 ASTM International approved some testing methods as AE signal sources such as pencil 
lead breaks, ball drop and the gas jetting [32]. The most commonly used AE source signal is 
induced by pencil lead breaks [9][11][35]. To use pencil lead break as the AE source signal, several 
fittings are needed including the guide ring and lead. The lead for the pencil should be 2H, its 
diameter should be set between 0.5 mm and 0.3mm and its length is set between 2.5mm to 3.5mm. 
By this setting, every pencil break is under the same condition and position. The pencil used in 
this work is acquired from Vallen Systeme and the design of the pencil follows the ASTM E976 
standard. Figure 23 shows the pencil lead break test setup. 
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Figure 23 Usage of the pencil lead break as an AE signal on a probe station with all the fittings 
 
 The data acquisition unit (1283 USB AE node) is designed to collect the AE sensor output 
signal, which is a programmable system. In the system, there are three-time domain parameters 
that do not influence the testing of regular AE signals. The first one is Peak Definition Time, which 
measures the rise time, which is set to 200 μsec. The other is Hit Definition Time that defines the 
hitting time, which is set to 800 μsec. The last parameter is Hit Lockout Time, which is dead time 
after a hitting ends that is set to 1000 μsec. The testing is not performed under a vacuum, thus the 
threshold value is set to 70dB (a relatively high value), to avoid picking up the mechanical 
vibration noise. The data acquisition unit uses an analog bandpass filter to get rid of signals outside 
the frequency range between 100 kHz and 600 kHz.  
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4.4.2 Testing Results before Packaging 
 The testing before packaging was completed on a probe station by using the pencil lead 
break to generate an AE signal. The testing is based on designs with different aspect ratios and a 
different number of the anchors. An R15α commercial piezoelectric sensor is used as the reference 
device which is compared with MEMS AE sensors. Figure 24 and Figure 25 presents real-time 
signal waveform and power spectrum for a commercial R15α AE sensor. The test results for 
unpackaged MEMS AE sensor will be compared with the results gathered by a commercial 
piezoelectric AE transducer and a specially packaged MEMS AE sensor will be shown in Chapter 
4.6. The detected real-time waveform of a MEMS AE sensor is shown in Figure 26 for different 
MEMS AE sensor designs and the corresponding power spectrum plot are shown in Figure 27.  
 
 
Figure 24 The voltage (mVolts) vs. time (sec) waveform for a commercial R15α sensor 
 
 
Figure 25 The measured AE signal power spectrum by using a commercial R15α AE sensor 
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(a) AE sensor with AR 1 to 1 and 2 
anchors structure 
 
(b) AE sensor with AR 3 to 1 and 2 
anchors structure 
 
(c) AE sensor with AR 8 to 1 and 2 
anchors structure 
 
(d) AE sensor with AR 32 to 1 and 2 
anchors structure 
 
(e) AE sensor with AR 8 to 1 and 4 
anchors structure 
 
 
Figure 26 The voltage (mVolts) vs. time (sec) waveforms generated by a few MEMS AE sensors 
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Figure 27 The measured AE signal power spectrum by a capacitive MEMS AE sensor 
 
 
 
Figure 28 Test setup for a capacitive AE sensor before packaging 
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As compared to results from different AE sensors, real-time AE signal waveforms gathered 
by MEMS AE sensors are much easier to be analyzed because the measured transient elastic waves 
from AE events can be separated from the background noise. Additionally, the real-time AE sensor 
responses indicate that the squeeze film damping of capacitive MEMS AE sensor limits the actual 
ringing behavior. As shown by the power spectrum, MEMS AE sensors generate signals over a 
wider bandwidth, but the output power level is also slightly lower than that of commercial R15α 
AE sensor. However, the frequency response of an R15α sensor shows a resonance frequency of 
150 kHz. The MEMS AE sensor does not exhibit a strong resonance frequency in its power 
spectrum. Due to its influence on the effective mass, the thickness of the top electrodes directly 
impacts the resonance frequency. In this work, the thickness of the top electrode for AE sensors is 
set to 10μm. 
Table 10 shows the number of counts for the AE sensor before packaging. As compared to 
the simulated results reported in Table 6, the number of counts for AE sensors with 2 anchors is 
well matched. However, for the device with perforation aspect ratio of 8:1 and 4 anchors, the 
measured number of counts is 6 in that is lower than the simulated result of 9. This discrepancy 
can be ascribed the insufficient estimation of the squeeze-film damping in finite element 
simulation as compared to the real world results. The quality factor is shown in Table 11. 
 
Table 10 The number of counts for the AE sensors before packaging 
AR 2 anchors structures 4 anchors structures 
1:1 1.812  
3:1 1.812  
8:1 9.06 11.325 
32:1 1.812  
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Table 11 The calculated vs. measured Q-factors for different AE sensor designs 
AR 2 anchors structures 4 anchors structures 
1:1 1.812  
3:1 1.812  
8:1 9.06 11.325 
32:1 1.812  
 
4.5 Packaging Method 
Proper packaging of the MEMS AE sensors is highly desirable as the probe station is not 
an ideal test setup. As the two needle probes press device contact pads, the measured performance 
of the AE sensors is strongly influenced by them. For packaging, the microfabricated AE sensor 
is mounted on a 1/4 inch thick glass substrate. An epoxy is used to glue the AE sensor and glass 
together. By using a 3D printing technology, an ABS plastic chip-carrier is formed over the glass 
surrounding the AE sensor chip. The input and output signal interconnection are also created by 
micro-dispensing by using a silver slurry (CB028). Figure 29 shows a photo of a packaged device. 
The dielectric constant and loss tangent of the glass substrate is 5.6 and 0.01, respectively, while 
the epoxy holds a dielectric constant and loss tangent of is 3.5 and 0.016, respectively [36][37]. 
Also, the epoxy holds a low acoustic impedance, which is 2.86 MRayl. 
 
 
Figure 29 The schematic photo of a fully packaged capacitive MEMS AE sensor by 3D printing 
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The epoxy used in the package is a key performance-limiting factor as any trapped bubbles 
formed during the two-component epoxy mixing. There is a special nozzle for mixing the epoxy 
while avoiding the formation of any bubbles, which is recommended as the bubbles will negatively 
affect the AE signal propagation. Also, the epoxy should stick to the entire back side of the AE 
sensor die to eliminate the air gap between the glass and AE sensor. 
 
4.6 Testing of the MEMS AE Sensor after Packaging 
 A fully packaged capacitive MEMS AE sensor is expected to get a better performance. An 
SMA adapter is employed for feeding the output signals to the data acquisition unit, which allows 
the test to be done under stress-free conditions, whereas the needle probes used in the probe station 
measurement typically induces stress upon the AE sensor under test. The incident elastic waves 
from an AE signal source can be more easily detected. Figure 30 shows the test setup for a 
packaged sensor. The real-time signal gathered from a packaged MEMS AE sensor is shown in 
Figure 31 while the power spectrum of a packaged AE sensor is shown in also Figure 32. 
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Figure 30 The test setup for performance assessment of a packaged AE sensor 
 
 
 
(a) AE sensor with AR 8 to 1 and 2 
anchors structure 
 
(b) AE sensor with AR 8 to 1 and 4 
anchors structure 
 
Figure 31 The tested real-time AE signal waveforms by different packaged MEMS AE sensors 
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Figure 32 The measured AE signal power spectrum by a packaged AE sensor 
 
By comparing Figure 28 and Figure 31, it is observed that the output power level from 
packaged MEMS AE sensor is a little lower than unpackaged AE sensor. This is due to the 
additional loss by the packaging materials, despite all the materials were initially chosen based on 
low dielectric loss and low acoustic impedance. After packaging, a frequency bandwidth that is 
identical to the unpackaged device has been retained.  
As can be seen from the real-time signal, a number of counts of 7 have been obtained from 
an AE sensor with a perforation AR of 8:1 and 4 supporting beams/anchors. As compared to 
unpackaged MEMS AE sensor, the number of counts for packaged AE sensor is increased, which 
approaches the simulated number of counts that equals 9. Without the extra stress induced by the 
needle probes under a probe testing, the packaged AE sensor can be more sensitive to detect much 
more waves from the AE source thus resulting in a great number of counts. Table 12 shows the 
number of counts for the sensor after packaging while Table 13 shows the measured Q-factor. 
 
Table 12 The number of counts after sensor packaging 
AR 2 anchors structures 4 anchors structures 
8:1 5 7 
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Table 13 The Q-factor after sensor packaging 
AR 2 anchors structures 4 anchors structures 
8:1 9.966 11.778 
 
The simulation results indicate that the highest Q-factor appears in AE sensor design with 
a perforation aspect ratio of 8:1, which matches with the measurement results shown in Table 11. 
As compared to the AE sensor design with an aspect ratio of 8:1 and 2 anchors, another AE sensor 
design with an identical perforation aspect ratio of 8:1 and 4 anchors has exhibited a higher Q-
factor. This result suggests that the designed perforation aspect ratio can influence the spring 
stiffness, resonance frequency while also impacting the Q-factor and sensitivity (number of counts). 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 
 
This thesis presents simulation, testing, and packaging of capacitive MEMS acoustic 
emission (AE) sensor. The simulation of capacitive MEMS AE sensor was completed by two 
methods, including finite element analysis (FEA) by using CoventorWare and simulation of the 
dynamic responses based on Matlab and Simulink along with analytical equations. After the in-
house fabrication, the capacitive MEMS AE sensors were tested using a commercial acoustic 
emission signal acquisition unit and software. The performance of the capacitive MEMS AE 
sensors with and without a specially designed package was compared with a commercial 
piezoelectric AE sensor. 
 
5.1 Conclusion  
 After the microfabrication, the AE sensors were evaluated first by the electrical testing. 
The electrical testing starts with measurement of resistance values of the top and bottom electrodes 
while making sure that the capacitive MEMS AE sensors are fully released. Also, it is important 
to measure both sides of the top and the bottom electrodes to check connectivity. Also, the C-V 
measurement has been carried out to confirm the proper behavior of the fully released device in 
its parallel plate configuration. When the bias voltage increases, the top electrodes start to deform 
downward thus leading to increased capacitance as compared to the value under zero bias condition. 
  For the real-time simulation, the setup of the AE sensor is important. A bias tee is used to 
prevent DC bias voltage from damaging the data acquisition unit. Also, the setting parameters for 
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data acquisition unit is also quite significant. In particular, the threshold value was set to 70dB for 
testing under ambient conditions.  
 Before proper packaging, the MEMS AE sensors exhibit a wider frequency bandwidth but 
lower power levels than commercial AE sensors. Also, the resonance frequencies of MEMS AE 
sensors are lower than 120 kHz, whereas commercial AE sensor is around 150 kHz. This result 
indicates that the structural layer thickness of the MEMS AE sensors can directly affect the 
resonance frequency. The MEMS AE sensors are much more strongly impacted by the spring 
effect than the commercial AE sensor, while the ringing behavior is also limited.  
 The materials for packaging of the MEMS AE sensors are glass, epoxy, ABS plate and 
printed silver pastes (CB028). The glass and epoxy both have low dielectric loss tangent and low 
acoustic impedance. Mixing the epoxy is a key step for packaging because the bubbles in the mixed 
epoxy should be kept as low as possible to reduce any potential impacts when the acoustic signal 
propagates through it. 
 The MEMS AE sensors with an aspect ratio of 8:1 for the patterned perforated holes in its 
top electrode have exhibited a highest detected number of counts before packaging, which can be 
readily ascribed to the effect of the squeeze-film damping. It is observed AE sensor designs with 
an aspect ratio of 8:1 is anticipated to exhibit best Q-factor and best overall performance. Moreover, 
AE sensor designs equipped with 4 anchors show more numbers of counts for the detected AE 
signal, largely owing to the higher total effective spring stiffness for designs with 4 anchors as 
compared to designs with 2 anchors.  
 After devices are fully packaged, the total numbers of counts for the detected AE signals 
were further improved by eliminating the negative effect of the probe station that provides a 
pressing force toward the sensors. The detected numbers of counts for designs with an aspect ratio 
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of 8:1and 4 anchors approach the prediction by simulation. Also, the Q factors of the AE sensors 
are also improved thanks to the proper packaging.  
 
5.2 Future Work 
 As compared to commercial AE sensors, the capacitive MEMS AE sensors hold potential 
advantages in terms of cost, size, and weight. Via Micro-Electro-Mechanical-Systems (MEMS) 
technologies, this new type of sensors can be batch fabricated of a large quantity. Numerous 
MEMS AE sensors can be jointly fabricated on the same chip while having different resonance 
frequencies. Thus, the acoustic emission signals can be detected at different frequencies across a 
wider frequency range. Also, the MEMS technology can be integrated with amplifiers and antenna 
on the same chip.  
 Although the output signal of the MEMS AE sensor has shown noticeable improvement 
after packaging, the environment noise still affects the response of the MEMS AE sensor. As one 
more approach to assess the overall performance, some form of vacuum packaging should be 
pursued to completely mitigate the effects of the squeeze-film damping and environmental noise. 
Similarly, the MEMS AE sensors can be tested within a vacuum chamber where the Q-factor can 
be modified by operation under different vacuum level. Through vacuum packaging, signals with 
lower intensity from the AE sources can be used as the AE sensors under vacuum should be able 
to detect weaker AE signals. 
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APPENDIX B: FABRICATION PROCESS 
 
The fabrication process is designed by one of the author’s group member, Adrian Avila 
[19] and improved by another group member, Adnan Zaman. The cross-section of the fabrication 
process is shown from figure 8 to figure 17 
 Bottom Electrode: 
The substrate of this acoustic emission sensor is a low resistivity silicon wafer. The wafers 
are cleaned by the RCA cleaning and the solvent cleaning consisting of acetone, methanol, and 
isopropanol. The silicon wafer is coated with an insulation layer which is 1 μm of thermal silicon 
oxide or 300 nm of Si3N4. Using acetone, methanol, and DI water to clean wafers after coating the 
insulation layer. In order to reduce the humidity, the following steps are drying the wafers by N2 
and baking at 110 ᵒC for 5 minutes. The next step is to spin the photoresist and complete the 
lithography. 
In the beginning, the hexamethyldisilazane (HMDS) is spun at 3500 rpm for 1 minute to 
improve the adhesion on the insulation layer. The bottom electrode is fabricated by a lift-off 
technique and is a bi-layer processing. The first layer is Polydimthylglutarimide resist, which is 
also called LOR. The thickness of LOR is decided by the speed of spinning. Typically, the spinning 
speed is from 2500 to 4500 rpm. The thickness of LOR is from a few hundreds of nanometers to 
several microns. After spinning is soft bake at 180ᵒC for 510 seconds. The second layer is AZ 1512 
photoresist. The first step of the spinning speed is 500 rmp for 10 seconds and the following speed 
is 2500 rmp for 45 seconds. The soft bake time is 50 seconds. After the soft bake is exposed under 
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UV light and post bake at 105ᵒC for 50 seconds. The last step is to dip the wafer into the developer, 
AZ 726, for 25 seconds. The LOR is not a UV sensitive resist so in order to produce undercuts in 
LOR layer. It is required to adjust the temperature and soft bake time. 
After the lithography step finishes, the wafers are put into Tegal O2 Asher at 50 W and 100 
mTorr for 2 minutes to remove the photoresist residual. The next step is to deposit bottom electrode. 
There are two materials used in this work: platinum for 200nm or ruthenium for 160 nm. The 
Crown for 20 nm is used to improve the adhesion for the metal layer. The last step is the lift-off 
process. The wafers are dipped into AZ-400T stripper at 180 °C for 45 to 60 minutes and cleaned 
with DI water. The bottom layer is finished. 
 Insulation Layer: 
The insulation layer is deposited by Savannah 200 atomic layer deposition (ALD) system. 
There are two materials for the insulation layer: Aluminum oxide (Al2O3) or Hafnium oxide (HfO2) 
for 45 nm. When choosing the insulation material, it depends on the post-processing method. The 
HfO2 is better etching by a buffered oxide etch (BOE) than Al2O3.  
 Sacrificial Layer: 
The sacrificial layer is deciding the gap distance between the top electrode and the bottom 
electrode. The plasma-enhanced chemical vapor deposition (PECVD) SiO2 is utilizing for the 
sacrificial layer. To deposit SiO2 by PECVD, the RF power is 50 W and operates at 13.56 MHz. 
the chamber temperature is 250 °C and the chuck temperature is 60 °C. The pressure is 800mTorr. 
The flowing of N2O is 500 sccm and SiH4 is 110 sccm. The deposit rate is 2.3 μm per hour.  
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 Anchor Patterning: 
The next step is the anchor patterning the anchor position is defined by this step. The 
photoresist AZ 1512 is chosen for the lithography process. The first spinning speed is 500 rpm for 
10 seconds and the second spinning speed is 2500 rpm for 45 seconds. The following step is the 
soft bake at 95 °C for 50 seconds. After exposure, post bake is at 105 °C for 50 seconds. The 
developer is AZ 726 for 255 seconds. After lithography step finishes, the wafers are put into Tegal 
O2 Asher at 50 W and 100 mTorr for 2 minutes to remove photoresist residual.  
The etch method is selected by materials for the insulation layer and the sacrificial layer. 
For SiO2 sacrificial layer, the SiO2 layer is etched by BOE. The HfO2 is using reactive ion etching 
(RIE) process to remove. This process is using by Alcatel AMS 100 inductively coupled plasma 
(ICP) etcher. The ICP power is 600 W and RF power is 200 W. the pressure is 2 mTorr. The 
flowing of Ar is 100 sccm and SF6 is 100sccm. The total time is 8 minutes. For Al2O3 is also using 
BOE to etch away. 
 Electroplating Seed Layer: 
The seed layer is a duo-layer and made by a 20 nm titanium and 200 nm copper layer by 
AJA Orion 5 sputtering system. The titanium layer is acting as an adhesion layer. The titanium is 
sputtering at 150 W. The pressure is 3 mTorr for 8 minutes. The copper is at 100 W. The pressure 
is also 3 mTorr for 20 minutes.  
 Top Electrode: 
The top electrode decides the resonance frequency of the device and its damping 
characteristics. In this work, nickel is the metal used to be a top electrode. The resonance frequency 
from 100 kHz to 1 MHz depends on nickel top electrode layer thickness from 5 to 20 μm. The top 
electrode starts from the seed layer deposition step. The photoresist AZ 12XT is chosen for the 
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lithography process. The first spinning speed is 500 rpm for 10 seconds and the second spinning 
rate is 1000 rpm for 90 seconds. The following step is the soft bake at 110 °C for 120 seconds. 
After exposure, the post bake is at 90 °C for 60 seconds. The developer is AZ 300 for 60 seconds. 
After the lithography step finishes, the wafers are put into Tegal O2 Asher at 50 W and 100 mTorr 
for 2 minutes to remove the photoresist residual. Before starting the electroplating process, the 
wafers should hard bake at 110 °C for 5 minutes. To prevent the copper oxidation influence the 
electroplating process, the wafer should be dipped into DI water and 30% ammonium hydroxide 
(NH4OH) solution for 30 seconds and wash again with DI water.  
 The main liquid solution for nickel electroplating process is nickel sulfamate 
(Ni(SO3NH2)2). The solution recipe is shown in Avila’s dissertation [19]. The equation 41 shows 
the thickness for the electroplating process. 
 Seed Layer Wet Etch: 
After the electroplating for the top electrode, the next step is to remove the seed layer. The 
etchant is selected by different seed layer materials. The copper layer is removed by 1:1 solution 
of hydrogen peroxide (H2O2) and 30% Ammonium Hydroxide (NH4OH) and washing the wafer 
with DI water. The following step is to etch away the titanium layer by in a 10: 1 solution of DI 
water and Hydrofluoric acid (HF) 
 AE Sensor Release 
The final step is to release the gap between the top and bottom electrodes. The sacrificial 
layer in this work is PECVD SiO2. The etchant for this step is 6:1 Buffered oxide etch (BOE) 
solution. After removing away the SiO2, the released sensor should be very careful to wash with 
DI water. 
 
 
